Nowadays, the simplicity of both designing and fabrication process of a terahertz (THz) resonator-based sensing technique leads to its ongoing development. e consumable THz resonator needs to be easily integrated into an existing terahertz time domain spectroscopy (THz TDS) measurement system. It should also be able to be fabricated in a mass scale with a low production cost. In this work, a metal-coated surface plasmon resonance-(SPR-) based sensor is simulated and designed as a low-cost refractive index sensor utilizing rigorous coupled wave analysis (RCWA). To demonstrate our methodology, we design a gold-coated grating with a polydimethylsiloxane (PDMS) as a substrate, in order to perform quantitative analysis of gasoline-toluene mixture composition, which has a refraction index variation of 0.1 at THz frequency. e grating period is tuned such that its surface plasmon resonance (SPR) frequency matches with the peak frequency of the THz TDS system. Moreover, other grating parameters, i.e., a filling factor and a grating depth, are optimized to increase the sensor sensitivity and sharpen the resonance dip. High sensitivity up to 500 GHz/RIU with a refractive index resolution up to 0.01 is numerically revealed. e H-field of the designed grating is then evaluated to indicate a strong SPR excitation. e well-developed designed grating introduces a promising, low-cost, and easily fabricated THz refractive index sensor.
Introduction
THz radiation is a part of an electromagnetic spectrum lying between microwaves and the far-infrared radiation (FIR) .
is region has frequencies ranging from 0.1 to 10 THz and wavelengths from 3 mm to 0.03 mm. THz radiation possesses properties inherited from both microwaves and IR. It is able to penetrate nonpolar materials, exhibits a high sensitivity towards moisture, and provides a specific response for each different material. At the same time, THz radiation is marked as safe to be used in a nondestructive evaluation due to its nonionizing nature. ese unique properties of THz radiation can be utilized in many sensing applications [1] including those in the field of biology [2, 3] , medical [4] [5] [6] [7] , and security [8, 9] and encouraging a comprehensive research and study. e conventional THz sensing technique, which is usually performed by a THz TDS system, measures transmission or reflection spectral lines of molecular resonances while the molecules are illuminated with broadband THz radiation. is technique reaches its limit in detecting and analyzing a very small amount or a thin sample material. It requires a sufficient quantity or thickness to distinguish power or phase differences from the probing THz waves. e breakthrough of the detection limit could be achieved by the usage of the sensing devices [10] , for example, a transmission line resonator [11] , a metamaterial resonator [12] , and a SPR sensor [13] [14] [15] [16] . In general, all these devices could be described as a refractive index sensor detecting the minute change in a refractive index caused by a small amount of analytes placed in the active sensing region.
To enable the extensive uses of the THz sensing technique, the mass-producible, low-cost, and consumable THz resonators need to be easily integrated into an existing THz TDS measurement system. Among all the aforementioned sensing devices, the one-dimensional grating-based SPR is an attractive option due to its simplicity in both designing and fabrication process. In frequency ranges of visible light and IR, the PDMS has been introduced as a substrate material of a SPR grating to further simplify the fabrication process and reduce the fabrication cost [17] [18] [19] [20] [21] . For THz region, Nazarov et al. optimized SPR excitation on a metallic grating by varying grating parameters [22] . Subsequently, Spevak et al. and Lin et al. explored the role of material, especially semiconductors, for a THz SPR excitation [23, 24] . However, there is still a lack of research working on the lowcost THz SPR sensor.
In this work, a PDMS-based one-dimensional periodic rectangular THz SPR grating is proposed as a viable candidate of a THz refractive index sensor. Polydimethylsiloxane (PDMS) is low in cost, chemically stable, and biocompatible and easy for fabrication, via soft lithography or pattern transfer, supporting its use in many applications [25] .
e THz SPR grating is numerically simulated based on RCWA. A purposed workflow for a grating structure design is created and demonstrated through an example of THz sensing application, i.e., the quantitative analysis of a petrochemical.
is could be a guidance for designing the SPR grating in other refractive index range using the THz sensing technique.
Numerical Method
Surface plasmon resonance (SPR) is a coupling phenomenon of a transverse magnetic (TM) mode of an electromagnetic field of an incident wave and a collective oscillation of a free electron that is located at the boundary between the dielectric and metal [26] . ese phenomena have been used in many applications, particularly, for sensing purposes [27] [28] [29] [30] . In order to excite surface plasmons, the phase matching condition needs to be satisfied. In general case for SPR, the wave vector of the incident wave (k 0 ) needs to be matched with the wave vector of a surface wave (k sp ) based on the conservation of the momentum which can be expressed as
where ε m is the permittivity of a metal and n d is the refractive index of a dielectric. For the diffraction of light in the metallic grating, the wave vector of a diffracted light parallel to the grating surface is equal to the propagation constant of the surface plasmon. To be more specific, the diffraction order m th is required to couple to the surface wave:
where sin θ is the angle of an incidence beam and Λ is the grating period. erefore, substituting k sp from (1) into (2) gives the matching condition of SPR, which can be expressed as
Generally, the effective excitation of the surface plasmon requires ε m ≫ n 2 d . is leads to the determination of diffraction orders from the frequency response, which is controlled by the grating period [31, 32] :
In order to optimize the excitation condition, the analytical study of SPR excitation model has been developed by using a RCWA. RCWA formulation is numerically stable for solving the Maxwell equations at a single layer binary or a planar grating, especially the numerical instability in the matching of electromagnetic field at the dielectric and metal interface [33] . e Drude model is also used to derive the dispersion relation of the SPR propagating on a one-dimensional rectangular metal coated grating. Figure 1 shows the grating structure with a grating period Λ, a grating width W, a grating depth H, and a metal thickness t m .
Grating Design and Characterization
In order to conceptualize the application of a SPR grating in THz sensing, the designing of an optimized grating for quantitative analysis of petrochemical and their mixture is showcased. is designed grating could be applied to other THz sensing application with the extended refractive index range. Because of the nonpolar nature of the petrochemical and organic solvent, THz spectroscopy has a great potential to be applied in analysis of liquid petrochemicals and their mixtures with an organic solvent. Researchers have studied molecular properties of petrochemical products in the THz range and demonstrated the qualitative and quantitative analyses of liquid petrochemicals by using a THz TDS system [34] .
In this work, we numerically design a metal-coated PDMS SPR grating for improving a detection sensitivity of the THz TDS in analyzing a gasoline-toluene mixture, which has a refractive index lying between 1.4 and 1.5 in the frequency range of 0.2 to 2.0 THz [35, 36] . e proposed experiment setup is illustrated in Figure 2 . An analyte is coated on the grating surface, and the resonance 2
International Journal of Optics frequency shift of the THz spectrum is detectable resulting from the difference in the refraction index. e resonance frequency of the designed grating is aimed to be at 1 THz or lower because most of the photoconductive antenna-(PCA-) based THz TDS is limited by a bandwidth of approximately 5 THz, and the center frequency is less than 1 THz [37] .
Design and Optimization
Process. e grating structure considered here, as shown in Figure 1 , is composed of a PDMS substrate coated by a gold (Au) film, which is a perfect electric conductor in THz range. e complex refractive indices of PDMS and Au film are assigned as n s � 1.533 − j0.034 [38] and n m � 447 − j532 [39] , respectively.
e metal thickness t m is an important factor for improving a sensor performance depending on the coupling configuration and structure. For example, the Au thickness affects the sensitivity of a SPR fiber grating biosensor [40] . In this study, measuring in a reflection mode, t m is set to be 100 nm, which is larger than the skin depth of Au (l s,Au � 74 nm) in the frequency of interest [41] . We assume that, in the case of t m > l s,Au , there is no radiative loss of resonance arising from the diffraction on the grating. eoretically, a small incident angle of TM excitation wave would maximize the electric field on the grating structure. e incident angle of the incoming wave is set to be 10°, which is the minimum angle required in an actual TDS reflection measurement setup. e geometrical parameters of a grating structure include Λ, H, and FF, which is a ratio of W and Λ. Based on (3), Λ is the first parameter to be varied in the grating optimization as it is directly related to the resonance frequency of the SPR. FF and H of the initial structure are set at 0.5 and 0.5Λ, respectively. e refractive index of the dielectric, a gasoline analyte coated on the SPR grating, is taken as n d � 1.4. In this simulation, Λ is varied from 150 μm to 250 μm, with a step of 10 μm to figure out the appropriate Λ of the grating with a resonance frequency of 1 THz. e result shows that the suitable Λ is 190 μm. Figure 3 shows two reflectance dips existed in the range of 0.5 to 1.5 THz, located at 0.984 THz and 1.274 THz, respectively. According to (4) and (5), these peaks corresponded to the diffraction order m of 1 and − 1, respectively. is can be indicated that the resonance or plasmonic peak can be coupled into the surface by such a designed structure. e inset of Figure 3 demonstrates the distribution of a magnetic field magnitude |H y | along the unit cell of the grating at the resonance frequency of 0.984 THz. e structure of the 190 μm Λ grating needs to be further optimized by varying FF and H, which are directly related to the coupling efficiency, to minimize the reflectance of the resonance peak (reflectance R � 0.77 at 0.985 THz). While H is remained at 0.5Λ, the FF of a grating, which is proportional to W, is the second parameter to be varied. An appropriate W of the grating satisfies the coupling condition and enhances the confinement of the surface plasmon electric field on the grating surface.
In the optimization process, figure of merit (FOM), defined as the ratio between sensitivity (S) and the full width half max (FWHM) of a reflectance dip, is used to evaluate the performance of a grating structure [42] . e term of sensitivity S is known as the rate of change of a resonance frequency (f 0 ) with respect to a refraction index (n d ) of the analyte:
In this study, FF is varied from 0.5 to 0.9 with a step of 0.05. e optimum FF of the 190 μm Λ grating is found in the range of 0.7 to 0.9, which is corresponding to W of 133 to 171 μm, giving the reflectance of less than 0.1, as illustrated in Figure 4(a) . e resonance reflection dip is shifted to a lower frequency as FF increases. e FOM plot, as shown in Figure 4(b) , shows that the grating with FF of 0.8, which has R � 0.019 at f 0 � 0.851 THz, is superior among all the gratings. e parameter, H, is varied from 75 to 115 μm with a step of 10 μm, to fine-tune the performance of the grating. In correspondence to the optimized W, an appropriate H is needed to achieve a critical coupling condition whereby a reflection from the grating is suppressed and maximum power is transferred to the surface plasmon polaritons [43, 44] . Based on the plots in Figure 5(a) , H of 85 μm is the optimum depth for this SPR grating providing the highest FOM. S of this optimized grating structure is approximately 500 GHz/refraction index unit (RIU) in the refractive index range of 1.4 to 1.5 (maximum S � 559 GHz/ RIU at n � 1.44). Figure 5(b) shows the sensitivity of the designed grating as a function of a refractive index while its inset shows the calculated resonance frequency in analyzing the gasoline-toluene mixture. As most of the commercial THz TDS system could achieve a spectral resolution of less than 5 GHz, the sensitivity of this SPR grating could detect the change in the refractive index of the analyte as low as 0.01. e reflectance of the optimized grating geometry with Λ of 190 μm, FF of 0.8, and H of 85 μm shows a SPR dip in the frequency range of 0.5 to 1.5 THz, with the reflectance of 3.59 × 10 − 4 located at the resonance frequency of 0.869 THz corresponding to the diffraction order m � 1, as depicted in Figure 6 (a). It can be noted that the designed structure satisfies the phase matching condition. Numerically, the H y field distribution on the grating surface at the resonance frequency reveals that the resonance is intense and localized at the dielectric and Au interface, as presented Figure 6(b) .
is indicates that the decay length of the SPR wave at the dielectric and Au interface is high enough to form SPR mode. In comparison, the |H y | intensity of the optimized structure is 4 times higher that of the initial structure, as shown in Figure 3 . Table 1 shows the optimized grating parameters found in this study. International Journal of Optics 
Conclusion
In this study, we have proposed a parameter design methodology for a one-dimensional periodic rectangular metallic grating design to be used in a THz refractive index sensor application. e sensor detects the refractive index of the coating analyte by using a THz TDS system to measure the shift of the grating surface plasmon resonance frequency. Our design methodology begins by varying the grating period in order to tune its resonance frequency in presence of the analyte to match the peak power frequency of the THz TDS system. en, other relevant grating parameters of its FF and H are varied to maximize the detection FOM. e design process is demonstrated in which Au-coated PDMS-based grating is numerically simulated with a purpose of quantitatively analyzing gasoline-toluene mixture composition. e optimized SPR grating presents a sensitivity of 500 GHz/RIU resulting in a refractive index detection resolution of 0.01 RIU, which is superior to a direct measurement method. A further experimental verification of our grating design is still needed as a future work. e proposed structure could be fabricated via a standard PDMS casting and curing method following by a thin Au film layer deposition with a conventional metal deposition technique. Furthermore, the SPR grating could be utilized in other refractive index range by applying such a THz sensing technique.
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